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The development and design of mechanical means of landmine clearing using flail machines 
requires a good knowledge of load transfer, and tool-soil-landmine interaction. A hammer effect 
exists in which a load from a flail hammer in the soil surface is sufficient enough to propagate in 
the soil body and trigger buried landmine without contact between the hammer and the landmine. 
Current machine designs are based on trial and error and no exact technical understanding of the 
forces at play in mine flailing operations is available. Understanding on how the hammer effect 
works and quantifying it, while also explaining how the a landmine or buried structure responses 
dynamically due the impulsive nature of the load in mine flailing operations would be a valuable 
resource in designing demining machines and optimizing the demining quality. 
 
Starting from available experimental data, a mechanical model based on point mass macro 
element method with viscoelastic connections is constructed to explain this phenomenon while 
also aims to determine how the buried structure responds dynamically. The problem at hand is 
unique due to its distinct application in which the impacting mass hits the soil surface directly and 
the buried structure is not fixed in place thus free to move in the soil medium. The model 
consisted of 4 major systems: the contact between the impacting mass and the soil surface, the 
soil cushion above the buried structure, the buried structure itself and how the load is transferred 
to it and how it responses, and fourth is the reaction of the structure below the buried structure. 
The soil above the structure is constrained to a control volume soil column of height d of the 
burial depth and radius r of the buried structure. For explaining the behavior of soil under 
dynamic loading, the linking connection between the buried structure and the soil column is 
explained using a Burger’s general model while connection to the free soil under the structure is 
explained using a Kelvin model. Impulsive loading in the soil surface is explained using a 
modified Hertz contact theory between a rigid indenter and a deformable body.  
 
Comparison of the constructed model and an experiment using the same conditions and 
parameters is conducted. A guided free fall mass is utilized to impart an impulsive load from a 
free impacting mass to a soil body as to emulate the vertical loading of a mine flail. Two kinds of 
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soil are used: sandy and clayey soils to differentiate the soil body response in the two soil types; 
foundry sand and red clay respectively is used for these two types of soils. The accompanying 
experiment proofs the constructed model is valid for explaining the transferred force and dynamic 
response of a buried structure from a vertical surface impact loading directly above it. Initially to 
explain the correlation between the burial depth and the soil column parameters a correction 
factor of א is used as a placeholder. A constitutive model is constructed and may be used as a 
starting point to model the reaction and force transfer in buried structure. 
 
Iterations and refinements of the model are conducted to accommodate all the major significant 
effects and occurrences during the mine flailing operations. The considered system is expanded to 
include the surrounding soil. Effects of the presence of the buried structure is considered and 
compensated as soil friction traction between the soil column and the surrounding soil. 
Answering the question of how if the load is not directly above the buried structure, the model is 
expanded to include more point masses to explain offset or off center loading. Load propagation 
n the lateral direction is also regarded thus expanding the model once again in the lateral direction. 
Considering the shape, geometry and inertial conditions of the buried structure, a rotational 
model of the buried structure is also constructed. Further changes are conducted by adding a 
plastic failure condition to the simulation, thus opening the possibility to calculate the buried 
structure’s displacement and utilization of the model for multiple impacts. Changing the failure 
condition in real time during the loading period also enables to account for the change in the soil 
parameter during the loading.  
 
How the soil’s parameter changes by burial depth are also elaborated using a graded soil 
parameter condition, thus omitting the need for a correction factor. The parameter of the soil 
elasticity E is varied as a function of depth z, which then correlates with the stiffness and 
damping constants of the model. Comparison with experimental data shows power law 
relationship between burial depth and soil elasticity. The applications of the theory for a soil 
cushion means inversing the soil thickness and using the top of the buried structure as the zero 
position. In general grade by depth exists a critical depth z0 when the the modulus of elasticity E 
is the same of that of a homogeneous material E0. In the burial case, there exists a minimal burial 




Final refinements are conducted in how the simulations handles inputs from constants to 
functions and other low level code modifications, thus allowing a streamlined use of the model. 
Due to how load propagates in the soil body in all direction symmetrically, a two dimensional 
model deemed adequate to cover an area.  
 
Furthermore, an apparatus to determine the dynamic soil parameter and an integrated sensor 
which acts as a buried landmine is proposed and constructed. Based on a rigid plate on the soil 
surface, an impact base device is designed and constructed. From the displacement of the plate 
due to impulsive loading, the dynamic elastic modulus of a free soil may be calculated. To fully 
emulate a landmine and measure the load and acceleration in two axes, an integrated sensor is 
constructed. A flexible element is designed so that the forces in two axes does not cross each 
other, which is then mounted in an encasing which also acts as a target plate while retaining the 
geometry of a typical landmine.  
 
Further experiments are conducted to validate the model, now considering the effect of offset 
loading and the lateral components of the load propagation. Grade 9 silica sand for sandy soil and 
Kasaoka clay as clayey soil is used in the experiments. A heavier set of drop mass is used in the 
guided free fall test. In various loading and burial conditions, the experiments gives good 
agreement with the model both in transferred force and the dynamic behavior of the buried 
structure and validate the model for offset loading and lateral effects while showing better 
agreement after the refinements than with that from the constitutive model. Lateral effects are 
minute compared to the vertical component, and in the field application it is disregarded, 
therefore for this study, no further inclination to the lateral component will be given. 
 
Comparison of the simulated data and experimental results shows good agreement between the 
two; and the final constructed model is deemed able to calculate the hammer effect and inversely 
be used as an operation parameter decider in mine flailing operations. Using the constructed 
model to calculate the minimum surface impact force needed to be imparted to detonate a 
landmine of a certain dimensions at a prescribed clearing depth with a prescribed triggering force 
would be an input parameter in optimizing a demining operation; and in the long run, to optimize 
mine flail designs. Since the model is based on general mechanical and geotechnical theories, the 
constitutive model may be utilized for other specific applications in studies in buried structures or 
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various loading conditions in the soil surface. An initial expansion of the model’s use is to use it 
to model a falling weight deflectometer. In extension, the modified model is deemed to be able to 
detect the presence of shallow buried structures by comparing the dynamic response of the soil 
surface in the top part of the soil column. Though no closed form equation are generated due to 
the highly complicated dynamic system, the relationship between the imparted surface force and 
how it is transferred to a buried structure and how the structure responses may be quantified and 
reviewed using the constructed model and simulation with general soil properties and easily 
acquired parameters as input. 
 




1. Introduction  
1.1 Research background 
Un-neutralized landmines are a significant problem for the safety of the people, environment and 
economic development of affected countries. Approximately there are 100 million landmines in 
the ground in 70 countries, 350 million in stock, and even more being laid at a rate of 2.5 million 
a year (Liu & Kushwaha, 2010). Though the operation principle differs from one model to 
another, but basically a typical landmine includes a trigger, a firing mechanism and an amount of 
explosives. The major concern comes from antipersonnel (AP) landmines that restricts land use, 
endangers the environment, disturbs the natural balance, and threatens the life and safety of 
people and the environment. Currently, general method of manual demining is expensive, time 
consuming and dangerous, therefore a mechanical means of mine clearing is developed. 
 
Figure 1 Typical mechanical mine flail (GICHD, 2010) 
1.1.1 Mechanical Mine Clearing 
The use of mechanical means of mine clearing (Figure 1) has increased rapidly the past 2 decades 
and while commercial and military machines are readily available and deployed; the effectiveness 
of most demining machines are still unknown. One type of these machines, mine flails, operates 
by flailing the soil surface and delivering an impact load which is transmitted in the soil medium 
and subsequently detonates the buried landmines. Presently, insufficient information is available 
on the physical consequences for the ground and any mines under or its surface from the beating 
of a flail. Presumably the effectiveness of current flails can be significantly improved by gaining 
more technical understanding of the forces at play at the flail-buried mine interface during mine 
neutralization (GICHD, 2004). 
 
Figure 2 shows a simple representation of a mine flail. If the impacting mass (mH), connected to a 
rotating shaft by a linkage of l length, rotating at ω, impacts the soil surface, the Impact force F 
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will propagates through the soil at an angle (θ). The force component presumably needed to 
detonate a landmine buried at depth d is FN (unless the landmine is buried at an angle) and 
therefore is desired to be maximized. The lateral transferred load (FT) will have an effect on the 
displacement and the responses of the buried structure. At the time there is no definitive method 
to calculate the magnitude of the transferred load FN’ and how the landmine reacts dynamically. 
The UN sets a standard for humanitarian demining in which a mine clearing action must be able 
to clear a buried AP landmine, which varies in diameter from 50 mm to 250 mm, with a trigger 
force of up to 250 N, in depth of up to 200 mm with 99,6% clearing rate. These mine flails in 
average has a 1 m long flails with 1 kg impacting mass on its end, GICHD (2004). 
 
Figure 2 Mine flail schematic 
One design parameter of a mine flail is the impact force needed to detonate landmines with a 
range of activating force at a certain depth. The flailing motion attacks the soil surface at an angle, 
but in this work, the interest is in the vertical component of the loading (FN) that acts as a 
triggering force (Fig. 2). It is of interest then to investigate the load transferred in the soil medium 
and the response of the buried structure, representing a landmine, as a function of load magnitude, 
depth of burial, and properties of the soil. 
Due to its distinct application, research on the present problem is initiated. While it is currently 
difficult to model, calculate, and measure the mechanics of a mine flail from the moment of 
impact, contact with the soil, load transfer and the mine reaction; it is deemed feasible to model 
an idealized system which could fairly represents the actual field condition. 
1.2 Research Problem 
At present, current equipments are designed based on trial and error, and not on strong scientific 
reasoning. No decisive technical explanation regarding mine flailing has been confirmed and the 
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forces at play at the flail – buried mine interaction are unclear. This leads to the effectiveness of 
most machines are unknown or un quantifiable and most design focuses on maximizing the 
vertical load by changing the dimensions of the flail and axis, or imparing larger force by using 
bigger and heavier machinery thus making the process inefficient while not resolving the 
questions at hand. 
In the technical side, currently, basic information on force transfer from soil surface to subsoil not 
available. How the load is imparted to the soil surface from the flail hammers, how the load is 
propagated in the soil body and then transferred to the buried landmine and then detonating it is 
not unclear. Manufacturers and operators coined the term ‘hammer effect’, in which in mine 
flailing operations, a strong pressure wave is produced and propagates in the soil by hitting its 
surface. This wave might be sufficient enough to trigger buried mines evene if there were no 
direct contact between the hammer and the mine. 
If explained and quantified, it may be used for designing new equipments and evaluating existing 
machines. Most of all as an operating parameter in mine clearing operations 
1.3 Literature Review 
Soil behavior and its change of state due to various loading conditions has been the subject of 
many investigations. Consequently, various measurement techniques and devices have been 
developed and used extensively for a range of application and conditions, with soil stress state 
and displacement being the most prevalent object of interest. 
The characteristics and magnitude of the measured soil stresses and displacement varies 
according to loading condition, from vehicle tire loading (Way, et al., 1996; Bailey, et al., 1996), 
tillage operation (Pytka, 2001), to aircraft landing (Pytka, et al., 2004). However, the main 
interest is on how the load transfers from the soil surface into a certain depth which in turn 
changes the stress state of the soil and displaces the soil. Additionally, several soil type and 
application specific devices have been constructed and tested and is deemed sufficient for their 
intended purposes. Wiermann, et al. (1999) measured the displacement and stress on a sandy 
loam due to various dynamic loads. Abu-Hamdeh and Reeder (2003) measured the stress 
distribution in undisturbed soil under tractive devices. These studies demonstrate the capability of 
transducers such as load cell and accelerometer to measure soil stresses while in burial placement. 
The design of the transducer concerned with the measuring range, sensitivity, and accuracy; 
while also need to be calibrated properly for its distinct usage of measuring soil stresses by taking 
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into account the effect of the soil properties and characteristics and its moisture content (Pytka, 
2009).  
Whereas for a buried structure, the object of measurement is the structure itself, not the soil 
medium surrounding it; measurements are mainly concerned with the forces exerted to the 
structure, stresses in the structure, or the deformation of the structure. Hence, a simpler, more 
conventional method of measurement is possible for measuring loads on a buried structure. 
Chen and Chen (1996) conducted an experiment in which a buried flexible roof is subjected to a 
surface impact loading. A decoupled Single Degree of Freedom (SDOF) model of the flexible 
plate is constructed and shows good conformity with the test results. However, their research is 
mainly concerned with how the flexible plates react. The load transferred onto the plates, which 
is buried at a single depth, is simply assumed as a fraction of the supposed surface impact. 
Dancygier and Karinski (1999) used Chen and Chen data and created another SDOF model of the 
buried structure while taking into account the effects of soil mass, volume and deformation. It is 
concluded that both wave propagation related phenomena and the soil arching phenomenon may 
be involved in the system response to surface impact loading. 
Rubinstein and Wolf (1999) represented the soil as a linear elastic material and applied the 
Hertzian contact theory to determine the ground surface level impact force. However, further 
studies were recommended to determine the impact force applied directly to the landmines. 
Adam and Adam (2003) conceived a mechanical model for the interaction of a dynamic load 
plate test with the Light Falling Weight Device (LFWD), which applies an impact-like load to the 
subsoil to verify the compaction degree of soil layers and evaluate their bearing capacity. The 
motion of the coupled LFWD – soil system is characterized by a composition of linear springs, 
viscous dampers, and point masses. 
More specifically, several studies have been conducted especially in regard to explain the load 
transfer from the soil surface to the subsoil correlating with mine clearing operations. 
Kushwaha et al. (2004) measured the load transferred to load cells fixed to a mechanically 
reproduced devices representing a landmine from loading patterns within the soil attributable to 
the human gait as well as those derived from a mechanism that is used in mine flails. 
Liu and Kushwaha (2008) measured the force transmitted below the soil surface by human gait 
using a force platform in varying soil conditions. The impulse in the subsoil was then calculated 
and evaluated in order to understand the detonation of antipersonnel landmines. 
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Grima (2009) estimates the soil stress induced by dynamic loads applied on soil 
surfaceexperimentally and constructed a theoretical model based on Boussinesq theory. It is 
concluded that before cleareance, it is advised to collect the soil mechanical properties of the 
zone to be treate and evaluate several critical parameters such as mine depth, size of mines, type 
of soil, density, and water content of the soil. 
Soil above a buried object may be regarded as a cushioning layer of soil body. While no single 
study may be attributable to the problem a t hand, several studies has been conducted in regard of 
soil medium or materials with similar characteristics used as a cushioning layer. 
Kawahara (2006) Measures the ffect of dry density and thickness of sandy soil on impact 
response due to rockfall which concludes that the transmission ratio of the impact pressure hardly 
depends on the dry density of the soil, but decreases rapidly with the thickness of the soil. 
Parvizi (2009) studied the soil response to surface impact loads during low energy dynamic 
compactions notably in which an impact load is imparted at the soil surface and earth pressure 
cells and accelerometers which are buried at several intervals vertically and horizontally 
measures the pressure. 
1.4 Research Aim and Purpose 
This study aims to understand the forces at play and the interaction between flail – soil – buried 
structure in a mine flailing action. Initially using available data to study the characteristic of load 
transfer and structure response due to surface impulsive loading and then constructing a complete 
mechanical model to explain the act of mine flailing. Conforming the mechanical model with 
further experiments should it be able to quantify the hammer effect on buried landmines and 
explain the dynamic response of landmines in flailing operations 
In this study, a mechanical landmine is regarded as a shallow buried, unsupported structure that is 
free to move in the soil medium. The problem is considered as a small scale system, therefore 
several geotechnical characteristics are neglected for the time being. A mechanical model is 
developed to demonstrate the soil – structure interaction. Experiments are conducted to verify the 
model and system quantitatively.  
Though the dynamic responses and other physical occurrences in the soil medium above and 
around the structure could be meticulously investigated using numerical methods, the main 
purpose of this study is to understand the dynamic interaction and response of the buried structure 
due to surface impact loading with simple configurations albeit with certain limitations. One 
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being the fact that the buried structure studied is within loose, disturbed, and confined soil body. 
In spite of the limitation, this study is expected to provide insight into whether the constrained 
problem in question could be represented by a mechanical model, which will be useful in 
improving existing equipments with acquired knowledge as input and in designing future mine 
flails. 
1.5 Outline of Thesis 
This thesis is divided into 6 chapters; the first chapter introduces the research background and 
questions to be answered. This chapter discusses the mine clearing operations using mine flails, it 
shortcomings, problems that arise from its applications and proposed method to solve several of 
those problems. A review of previous studies which are related to the problem at hand is also 
presented. 
Chapter 2 introduces the constitutive mechanical model to explain the mine flailing operations 
and to quantify the hammer effect. The soil division, point mass modeling, and soil body 
characteristics are explained. The constructed model would be the basis for future modifications 
and expansions of the problem at hand and similar problems. 
Chapter 3 presents the iterative process of the modeling and simulation. The base model are 
refined to include more detail on phenomenons that occur in the soil body during mine flailing 
operations. The model is expanded to consider lateral effects, offset loadings, multiple impacts, 
the effects of surrounding soils and more modifications in determining the model’s parameters 
and simulation constants. 
Chapter 4 gives the experimental results of a series of tests to confirm the model. An 
experimental apparatus to emulate a mine flail hammer impact, sensors that act as a buried 
structure to measure transferred load and dynamic responses , and method to determine the soil 
parameters are introduced in this chapter. Experimental results are shown for various burial 
conditions in two types of soil: clayey and sandy soil. 
Chapter 5 discusses the validity of the model using the experimental results as benchmark. How 
the refined model has overcome the shortcomings of the constitutive model and how the model 
may be utilized in other applications are also presented. 
Finally chapter 6 summarizes the preceeedings chapters and presents results and new points 




2. Constitutive Mechanical Model 
2.1 Study inquiries 
To explain the mine flailing operations and quantifying the hammer effect, several inquiries 
needed to be answered. At its basics, the problem would be simplified as at  a certain burial depth 
and distance from the center of the structure to the load point: 
1. How the surface impulsive load is propagated and transferred to the buried landmine? 
2. How does the buried landmine responses dynamically to the loading? 
3. In general, how does a buried structure react to surface impulsive loadings? 
As constraint, the structure is considered shallow buried, and free to move in the soil body while 
impulsive load is imparted directly to the soil surface. 
2.2 Constitutive model of the system 
As a preliminary investigation into the landmine response to surface impact load, a 4 component 
model is proposed. The first component is the elasto-plastic reaction of the soil surface due to 
impact loading. Secondly, the load transmission on the soil above the structure. Third, the 
transmitted force to the buried structure and its dynamic response. And finally the soil reaction 
under the structure modeled as a Kelvin model. 
 
Figure 3 Considered system in direct impact 
What occurs in the coil medium is not of interest, just how the soil above the buried structure 
works as a force deterrent and how the buried structure responses dynamically. To explain the 
problem, a point mass macro element method is adopted. The method consideres points in the 
system that are of interest and and lumped them in point masses repsenting a component. The 
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connection or linkages between these components is what will then determine the behaviour of 
the system. 
Soil, as a deformable body, behaves between elastic linear solid and an ideal viscous fluid. 
Reactions of a soil medium due to loads in general are comprised of three components: the 
instantaneous elastic deformation at the moment of loading, a viscous deformation which 
increases linearly with time, and delayed deformation approaching a certain limit value. 
Therefore, soil could be represented as a rheological model using springs and dampers which in 
turn should be able to define and interpret the reaction comparable to the actual material up to a 
certain level of estimation. 
Most geotechnical model are based on homogeneous, semi infinite soil, expanding indefinitely. 
There’s soil under the soil, or the soil layer is thick enough to be considered homogeneous. In 
shallow burial conditions, a different approach is taken in regard to the soil medium. The 
considered soil mass above the burie structure is regarded as an isolated control volume soil 
column (Dancygier, A., & Karinski, Y. (1999))  
Therefore, in this instance the considered point masses are (Figure 3): 
1. The soil above the structure which is a soil column of height d of the burial depth and 
radius r of the buried structure. 
2. The buried structure of mass ms 
3. The soil underneath the buried structure which expands indefinitely and therefore deemed 
as a fixed base. 
To explain the soil column’s behaviour, a generalized Burgers model (Figure 4) is selected. 
Strains in a Burgers model are the sum of each elements, while stresses are the same in all three 
units A, B, and  
  (1.1)
  (1.2)
For a Burgers model with a load of F and contact area of A, and correction factor of load form α, 










Deformation in a Burgers model consists of three parts: 



















While as in general geotechnical assumptions, the free soil under the buried structure are 
regarded as a Kelvin model. 
 
Figure 4 General Burgers model 
Consider a buried structure as shown in Figure 5 , loaded with a point load Fi(t), where system A 
is the soil above the structure that constitutes a continuous radial column with a height of d 
connected  at the bottom with a buried structure of mass, ms, and radius, r. The system is defined 
as a controlled mass, mA = ρV and modeled as a Burgers model. Initially, the system is limited 




Figure 5 Modeled system 
 
Figure 6 Basic modeled system 
System B is the soil under the structure modeled as a semi-infinite medium Kelvin model, as 
shown in Figure 6. The cone stiffness, k0, and the geometric damping coefficient, c0, of the 
Kelvin model are obtained from an application of the Kelvin model to investigate soil reaction 
due to impact loading commonly applied at LFWDs, as suggested by Adam and Adam, 2003. 
However, in the proposed model, the impact loading is given by the buried structure that received 
the transferred load from the soil above the structure. The values of k0 and c0 are considered 












Initially,  the effect of deformation and compaction of the soil is assumed to be negligible and the 
soil characteristics are considered constant during impact.  
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The complete model is given in Figure 7 (a); as it is, the model is not solvable with simple 
mechanical solution. Therefore the soil mass, mA, is divided into three parts, m1, m2, and m3 
respectively, as shown in Figure 7 (b), where each representing a component of soil response due 
to loading, i.e. elastic, viscoelastic, and delayed deformation which depends on the soil properties.  
The buried structure, mS, is now denoted by m4. 
 
Figure 7 Mechanical representation of the system 
Figure 8 presents the free-body diagram of the system where the transferred load on the buried 
structure is given by . 
 
Figure 8 Free body diagram of the system. 
Equations of motion for the entire system are given by: 
 Fs t 1 1 1 2 (1.9)
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 0  (1.10)
 0  (1.11)
 0  (1.12)
The equations of motion of the system could then be solved to obtain the response of the structure, 
x4. Since the nonlinear behavior of the soil is not represented in equations (3) to (6), a factor that 
includes the effect of nonlinearity need to be introduced. Hence, a correction factor, ,	 a ratio of 





Using curve fitting approach, the value of  will be determined to match with the experimental 
results. 
Surface impact loading Fs(t) is modeled as a single half-sine pulse for an impact period of Ti with 







The plastic deformation on the soil surface is calculated by assuming Hertzian contact of a sphere 
with a semi-infinite plane. When the overall deflections of the structure are negligible compared 
























where R is the radius of curvature of the impacting body. While the Young’s modulus and 
Poisson’s ratio of the indenter and the soil are EA, υA and EB, υB, respectively (Mohsenin, 1973). 
2.3 Initial Results 
Using available data, initial run of the simulation is conducted. The available experiment results 
are that of a spherical mass dropped in a guided free fall to a soil bin with a buried structure 
present with a one axis load cell and accelerometer in the vertical axis. Two soil types are tested: 
red clay for clayey soil and casting sand for sandy soil. 
Transferred load in sand medium due to surface load of 
540 N. 
Transferred load in clay medium due to 
surface load of 415 N. 
Figure 9 Transferred load in sand and clay medium for varying burial depths (d) 
As an initial confirmation, the test results and the model gives good agreement and the model is 


















































Structure acceleration in sand medium due to 
surface load of 540 N. 
Structure acceleration in clay medium due to 
surface load of 415 N. 
Figure 10 Buried structure acceleration in sand and clay medium for varying burial depths (d) 
2.4 Summary 
A 4 DOF single axis mechanical model (Figure 11) is constructed and deemed satisfactory to 
explain the hammer effect in mine flailing operations. The experimental results comparatively 
conform to the simulation, at least qualitatively. An appropriate correlation between the burial 
depth and soil characteristics with simulation parameters especially the stiffness and damping 
parameter is yet to be investigated. The proposed correction factor, ,	 may serve as a temporary 
placeholder for the correlation but a more detailed study is needed to confirm the validity of the 
factor. The correction factor, , not only affects the magnitude of the output but also its 
characteristics and, as supported by the experimental results for various burial depths, shows an 
























































3. Model Refinements 
3.1 Unresolved questions and details in the constitutive model 
The constitutive model is deemed satisfactory with certain limitations. Further refeinements are 
necessary to explain and include detailed occurences in the mine flailing operations. Several 
unresolved and overlooked questions and problems from the intial model are: 
1. If the surface load is not directly above the center (offset) of the buried structure. 
The initial model assumed that the surface load is imparted directly above the center of the 
buried structure. Whereas in its application, the buried landmine may be located in front or to 
the side of the flail hammer impact point (Figure 12). An expansion of the model in the 
lateral direction is deemed necessary. 
 
Figure 12 Offset loading condition 
2. Lateral reaction of the structure. 
Load propagates in all direction in the soil body, and this holds true for impulsive loading. 
Vertical loading may have a lateral effect on the soil body and in turn the buried structure.  
Therefore an expansion of the lateral axis of the model is considered. 
3. Rotational reaction of the structure. 
In the case of offset loading, the force distribution in the topside of the buried tructure may 
be focused on the edge of the structure, which in turn will have rotational effects to the 




Figure 13 Structure’s displacement 
4. Effect of internal friction with the surrounding soil. 
Though the model is based on an isolated soil column above the structure, in reality it still 
has a direct contact with the surrounding soil. The presence of a buried structure may limits 
the deformation of the soil vertically thus may cause bulging and frictional effects with the 
surrounding soil (Figure 14). These internal friction components in the soil body needs to be 
considered. 
 
Figure 14 Initial considered system 
5. Plastic deformation leads to permanent deformation 
Though the model is based on a time based viscoelastic model, there are no plastic failure 
components in the simulation. As the load is impulsive at high strain rates, and also visible 
from experimental tests, there exists a plastic deformation due to impulsive loading at the 
soil surface therefore this condition needs to be examined. 
6. Model should be able to compensate the non linearity due change in soil parameters owing to 
applied load in real time.  
Loading cause deformation of the soil collumn and in turn its parameters. The model initially 
did not consider these changes in real time, as in the deformation during the loading period 
changes the simulation parameters and will have effects to the simulation results. 
7. Model should be able to explain multiple impacts 
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Though only the initial impact is of interest in the field application, it is also deemed 
satisfactory if the model could accommodate multiple impacts for particular conditions or 
other applications. 
8. Theoretical explanation of the correction factor 
Correction factor was introduced as a placeholder to explain the non linearity of the hammer 
effect by depth. A more certain and measurable method to determine the change in 
simulation parameters by burial depth and offset is necessary. 
9. Further application of the model 
Model is based on a constitutive geotechnical model and should be able to be modified and 
expanded to accommodate other special application with simple modifications. 
3.2 Soil Friction Traction  
Initial system was modeled by two separate soil sub volumes that are assumed to move vertically 
with no effect of friction with the surrounding soil. Though the coil column is regarded as an 
isolated control volume, in actuality it has direct contact with the surrounding soil. Therefore the 
considered system is expanded into 3 regions: Soil above (A) and below (B) the buried structure 
(landmine) also surrounding (C) the soil column (Figure 15). While the two vertical sub systems 
are free to move, the buried structure will limit the vertical system’s vertical deformation 
compared to the surrounding soil and may cause bulging and frictional effects with the 
surrounding soil. Though the surrounding soil’s reaction due to the inclusion of the buried 
structure is not of interest, but the surrounding soil’s effect on the soil column is. To regard the 
surrounding soil’s effect on the soil column and in turn the buried structure’s response, a soil 
friction traction element needs to be added. 
 
Figure 15 System division to inlude surrounding soil 
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Soil shear resistance effect on buried structure’s response has been extensively studied by 
Dancygier & Karinski (1999). The friction traction, τ(t,z), which acts on the perimeter of the soil 
column (Figure 16) is dependant on the vertical displacement, U(t,z), and the relation between the 
two are assumed linear is given by: 
 , . ,   
With kf is the arching coefficient which varies depending soil properties, from zero (no arching 
effect) to approximately E/3r (maximal arching effect).  
 
Figure 16 Representation of soil deformation, arching effect, and structure’s displacement after impact 
loading 
3.3 Lateral and rotational behaviour of buried structure 
Offset loading would have an effect on the angular dynamics of the structure, taking previous 
assumptions; the maximum transferred offset load (F0’) may be located on the edge of the 
structure. The load may have rotational effects on the structure, thus interacting with the soil 
body angularly, as showed in Figure 17.  
 
Figure 17. Rotational free body diagram of buried structure 
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For an integration with the current model the rotational effects is modelled as a modified Winkler 
model based on modelling by Gerolymos & Gazetas, (2006) using rotational and shear springs to 
represent the responses. The free body diagram of the structure is given in Figure 17 and the 





Four subsystems are employed to model the rotational behaviors; each consists of a spring 
element and a corresponding damping element (Figure 18): 
1) The lateral elements kx and cx associated with the horizontal inertial soil reaction 
2) The rotational elements kθ and cθ associated with moment produced by the vertical shear 
tractions. 
3) The base shear translation elements kh and ch associated with the horizontal shearing force 
on the base of structure 
4) The resultant base rotations elements kr and cr associated with moment produced by 
normal force in the base of the structure  
Dissimilar from the translational elements, no exact method are yet available to confidently 
calculate the coefficients of the rotational elements from various soil properties.  
 
Figure 18 Dynamic rotational model of the buried structure 
3.4 Offset vertical load 
In the condition that the surface impact load is not directly above the buried structure center but 
located at a certain offset from the center, the considered point masses needs to be expanded as 




Figure 19 Considered points in offset loading 
Single static point loading in the soil surface will create a bell shaped iso-stress line in the soil 
volume while displacing the soil under the load (Figure 20), while impulsive / dynamic loading 
will have the same effect to a certain degree.  
 
Figure 20. Stress distribution due to surface point load on different soil conditions. 
The lines represents locations in which the vertical stress is the same and the larger the bulb the 
lower the stresses are. While theoretically, the stress will be concentrated on the load axis and the 
stress wave will propagate into the soil body with a stress distribution assumed as a bulb with the 
arrows showing the stress propagation direction also the soil displacement. 
From previous studies, the impact load’s attenuation is rapid related to the burial depth, and since 
the load is impulsive, there may be no settling effect on the soil thus the low distribution. 
Previous study by Shankla (2000) gives a rough distribution of the influence zone of the mine 
flail in action (Figure 21). The high repetition of the flailing motion and the small distance 
between adjoining loads means that even in the case of offset loading, the lateral distance needed 




Figure 21. Schematic representations of stress distribution over buried mines in the path of a mine flail 
(Shankla, 2000). 
Though the surface impact is modeled as a point load, in reality, the load distributes along the 
contact area between the impacting mass and the soil surface (Figure 22).  
 
Figure 22. General load distribution due to a point load in the soil surface 
Due to its impulsive nature, the load distribution would not be as wide as a static load. For the 
model it is assumed that the load dissipates to zero at xa on the radial direction; thus agreeable 
with the offset distribution. 
As the viscoelastic model used is based in one dimension, an alternative attempt is taken to model 
the offsetting load. Assuming that the distance of adjacent loads is small, for the current model; 
consider the maximum distance between two loads is the radius of the buried structure (r).  
Rather than expanding the current model by adding more point masses, taking more assumptions, 
and adding more variables, which in turn will grow up into a quasi discrete element method, a 
simpler approach is taken. The initial model is taken side by side in parallel configuration (Figure 
23) in which one system (I) receives the load and the adjoining system (II) comprises the buried 
structure. Consideration of other models and elements have been taken and conducted, but by far 




Figure 23. Offset load modeling concept. 
Consider that the two parallel adjoining models are conjoined by frictional coupling elements 
(Figure 23). Two connections are made, one between the soil masses and another between the 
buried structure and the transient mass (Figure 24).  
 
Figure 24. Proposed offset model 
Consider that, if the distance from center of the buried structure to the center of impact is small 
then the offset surface impact (F0) has more effect on the buried structure. On the other hand if 
the offset is relatively distant, the structure is more affected by the load propagating from the soil 
surface. Given these assumptions if x is the distance between the center of the structure and the 
center of the loading then if x=0 as in the load is directly above the structure then μ1=1 and μ2=0, 
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consequently if x=r then μ1=0 and μ2=1. While if 0<x<r then the correlations needed to be 
confirmed by a corresponding experiment. If there is no offset then 
 , (2.2)
and 
 . , (2.3)
with 1 +  2 = 1 
Figure 25 gives the free body diagram of the model and the equations of motion of the dynamic 
system are: 
 . .  (2.4)
 . . .  (2.5)
 . . .  (2.6)
 . .  (2.7)
 . .  (2.8)
 . . .  (2.9)
 . . .  (2.10)
 . . .  (2.11)
Note that the offset load F0 working at m1 is the correlating force due to displacement of z1 due to z5. 
 
Figure 25. Free body diagram of the proposed model 
Using the previous model’s parameter and disregarding the rotational effects for now, an initial 
run of the model is conducted. An example of readily available measurement data from impact 
loads at the soil surface to sensors buried in soil is by Parvizi (2009). While the experiment 
conducted is not directly related to the problem at hand, but for an initial comparative study it is 
deemed adequate. Vertical soil pressure may be converted to force and the buried sensors are free 
to move in the soil medium thus may be judged as buried structure. 
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Figure 26 show the simulation results from the offset model, while quantitatively the magnitude 
of the load from available parameter is miniscule, qualitative results shows conformability with 
the experiment data as in the attenuation of the load is clear. 
 
Figure 26 Simulation results with the inclusion of the offset parameter 
Another run of the model with the friction traction element taken into account and comparing 
with previous experimental data shows better correspondence. As in the previous study, the 
objective is the peak loading, the wave form of the load response is neglected and the data 
truncated. Revisiting the data, the previous model gives a quite significant negative force 
response after the peak amplitude and then an oscillating response afterwards. Reexamining 
previous experiment data, after the maximum amplitude, the response does tends to decrease and 
goes to zero and some negative although not too significant. Afterwards the responses would 
have a damped oscillating behavior. Figure 27 gives the comparison between the transferred load 
wave forms between the old and new model, with the experiment data. The response of the 




Figure 27 Comparison of the transferred load response wave between the old and modified model with 
experimental data 
Structural acceleration results (Figure 28) on the new model also show better conformity with the 
experimental data. The four substantial amplitudes now conforms as in the second reverse 
acceleration is higher than the initial acceleration then gives the peak downwards acceleration 
then a slight reverse then damped oscillation. 
 
Figure 28. Comparison of the structure’s acceleration response wave between the old and modified 
model with experimental data. 
Another improvement gained is that on sand medium, on the initial load amplitude, it is noted 
from the experiment data and results from Kawahara (2006) that there are two peaks on the 
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amplitude. Simulation results show the same effect on shallow burial parameter but not on deep 
burials. 
3.5 Lateral load model 
 
Figure 29 Considered points in offset loading 
As an initial assessment of the lateral loading, the same concept of the offset loading is taken; as 
in the effect of the lateral surface load Fs.t(t) is only up until a certain depth and dissipating 
afterwards. A more significant response at play is the rotational effect of the load to the structure, 
thus the inclusion of the horizontal elements of the modified Winkler model. As for other 
elements of the system, Kelvin models are taken as an initial reasoning of the lateral response 
(Figure 30). The validity of the model and the constants needed to be proven experimentally. 
 
Figure 30. Lateral load model 
For the initial lateral model without rotational effects, Figure 31 gives the free body diagram of 
the model and the equations of motions are: 
 .
∗. ∗.  (2.12)
 .
∗. ∗.  (2.13)
 ∗. ∗. . .  (2.14)
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 ∗. ∗. . .  (2.15)
 
Figure 31. Free body diagram of the initial lateral model. 
3.6 Change in soil parameters due plastic deformation 
The constitutive model uses the linear spring and dashpot dynamic models to explain the linear 
viscoelastic behavior of the soil body but is unable to account for the permanent deformation 
from the impact load and the change of the soil stiffness and damping parameter during the 
impact duration. Dynamic loading results in some recoverable elastic deformation and some 
permanent deformation. If the strains in the impact area are large enough, non linear behavior is 
expected. Thus the model should be augmented to compensate the non linearity due to change in 
soil parameters owing to applied load in real time.  
In the surface level, the basic model considerations do not change, rather in the code of the 
simulation the acceleration, velocity, and displacement data of the point masses are used as 
feedback to change the simulation parameters in real time. The most discernible is the change in 
the soil column height zB which changes due to compaction of the soil (dz) thus within the impact 
duration. Column height (zt) taking account the non linearity is give by 
  (2.16)
Other changes are made to the simulation in the code level mainly in how the inputs of the 
subroutines are changed to functions by time, previously fixed variables. This change adds a 
significant amount of processing time but deemed necessary to better explain the phenomena.  
Based on Thilaksiri et. al. (1996) area surround the impact are divided into 3 distinct zones: (R) 
zone beneath the impacting mass undergoing non-linear axial deformation; (A) zone surrounding 
zone R with non-linear shear deformation and (B) Outer zone with lower degree of linear shear 




Figure 32 Impact zone and surrounding deformation zones. 
The principle offset model considered that there are two vertical models side by side thus putting 
the adjoining model on the non-linear elastic deformation zone. Further modification of the 
simulation now considers the frictional coupling of adjoining systems (Figure 33) considering the 
non linear deformation with 
  (2.17)
And 
 .  (2.18)
with 1 + 2 = 1 
 
Figure 33 Modified offset model [6] 
3.7 Graded soil parameter 
The principle model correlates the change in burial depth by change in the stiffness (k) and 
damping (c) of the soil column with the correction factor (א), thus accommodating the non 
linearity of the soil response due change in burial depth. Compared to experimental results, 
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certain value of א corresponds with a certain depth. Admittedly used as a placeholder to explain 
the change in soil parameter by depth, the use of the correction factor has no established 
theoretical basis.  
Giannakopoulos. and Suresh (1997), has developed an approach to vary the elastic properties of a 
material as a function of depth which is deemed applicable to geo materials such as soils where 
the elastic properties vary as a function of depth beneath the surface. For a fixed value of ν, the 
variation of E by z is explained by a power law of 
  (2.19)





This method is considered a more representative means of corresponding burial depth and soil 
parameter where graded elasticity as an in property correction factor. On the other hand, א is 
factored in the k and c of the soil column which is a function of other soil properties. 
 
Figure 34 Typical graded soil elasticity by depth [5]. 
As it is, the elastic gradient method is not directly applicable to the current problem since it was 
intended for a half space soil body, when the problem at hand considers the presence of a buried 
structure. Experiment data (Figure 35) shows the change in the dynamic elastic modulus as a 
function of א which depends solely on the change of z and soil properties, not related with the 




Figure 35 Correction factor v. soil elastic modulus. 
Note that since א is factored in k and c, the change of Edyn is not equal between those derived 
from k and c.  Change in א gives a linear change in Edyn in k while quadratic in c. Figure 36 gives 
the relation between z and Edyn for clayey and sandy soil derived from k and c.  
 







































































Detail study of the relation between z and א shows power law relation between z and Edyn which 
are agreeable with the reference study (Giannakopoulos and Suresh, 1997). And for a ν value of 
0.3 and 0.2 for clayey and sandy soils respectively gives the value of u at 1.33 for clayey soils 
and 3 for sandy soils; also with the consideration of reverse burial depth, the values of u are 
inverted. Figure 37 and Figure 38 gives the relationship between z and Edyn and the power law 
trend of the relationship gives that there exist a critical elastic modulus value Ec in which the 
value of Edyn=E0. Taking these factors into consideration it is proposed that the relationship 
between E and z is defined by 
 , for z0≤zb 
(2.21)
Using the equation, for the calculated values of u and other values as comparison (Figure 37 and 
Figure 38), the model are in agreement with the experimental results and are deemed applicable 
for the problem at hand. 
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Figure 38 Burial depth v. soil elastic modulus, sandy soil. 
First interpretation of the soil grading (Figure 39) considers if Edyn approaches 0 at the soil 
surface as in the reference study (Giannakopoulos and Suresh, 1997). But in the principle model 
considers that the soil beneath the structure as soil half space and that the dynamic elastic 
modulus E0 is constant. Furthermore, the soil column is regarded as sitting on top of the buried 
structure; therefore the burial depth is considered starting from the top of the structure, not from 
the soil surface. 
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By regarding the burial depth zb at z=0, a critical depth at z0 where Ecr=E0, the relation between 
burial depth and Edyn is shown in Figure 40. The available experimental data gives the 
approximate critical depth (z0) of clayey soil and sandy soil both at 0.06 m. 
 
Figure 40 Graded soil by depth considering buried structure presence; 2nd interpretation. 
3.8 Force transmission ratio 
This study leads up to the eventual use of the model to determine the working parameters of a 
mine flail. Of most interest is the transmission ratio between the normal force applied at the soil 
surface (FN) and the transmitted force (FN’), allowing the determination of the necessary load 
needed to be applied which can be set by the mine flail’s hammer mass, shape, flail length, and 
flail rotation speed for a predetermined clearance depth. Initial comparison with available data 




Figure 41 Transmission ratio by burial depth 
The use of gradient of the soil’s dynamic modulus eases the modeling input and would be 
beneficial in future simulation runs. The most distinguishable change is in the consideration of 
the soil’s non linearity; for example the plastic deformation of the soil column is shown in Figure 
42 which shows the compression and rebound of the soil column with a buried structure at 0.2 m 
depth. The initial model did not consider the plastic deformation in high strain loading so the 
model is just valid for a single run. Using plastic deformation and yiled behaviour in dynamic 
compaction theory proposed by Thilaksiri et. al (1996) in the failure parameter of the simulation, 
the model is now applicable for a second run and now able to determine displacement of the 
buried structure. 
 




















Clay Medium Sim Clay Medium Experiment
Sand Medium Sim Sand Medium Experiment
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Non linearity and change of Edyn by depth rather than k and c gives change in damping reaction 
since the change is directly in the Edyn property not the function of c thus giving a more agreeable 
value of acceleration, velocity, displacement, and transferred load output (Figure 43 and Figure 
44) 
 
Figure 43 Simulation results of acceleration, velocity, and displacement of the buried structure due to 
415 N surface load in clay medium at 0.2 m depth. 
 
Figure 44 Simulation results of force transferred to the buried structure due to 415 N surface load in clay 
medium at 0.2 m depth. 
3.9 Change of simulation inputs from constants to functions and other modifications 
Initial simulation code inputs are based on pre calculated constants of soil properties and 
parameters. To streamline the simulation run, the input is now changed to functions and nonly the 
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necessary variables are entered (Figure 45). Further modifications are conducted to accommodate 
the change of parameters during the simulation run. The deformation that occurs during the 
loading duration in turn will change the simulation parameters that are based on geometry. The 
change requires an overhaul of the simulation code and extra processing time during the 
simulation runs. 
 
Figure 45 Change in how the simulation handles the variables 
3.10 Summary 
In this chapter, modifications and refinement of the constitutive model are shown. The model are 
modified and refined iteratively to explain more detail of the phenomenon and to account more 
occurrences in the flail-soil-structure interaction. While in the background, the simulation code 
isoptimized to streamline while processing more occurrences. Initial comparison with available 
data with the modified simulation results also shows better agreement. A major overhaul in the 
model includes modification in the simulation, after each step of the simulation the soil 
parameters are updated in real time considering the non linear plastic and elastic deformations. 




4. Experimental Validations 
4.1 Experimental Setup 
A series of experimental tests are conducted to validate the constructed model. As with the model, 
the experiment is intended to measure the transmitted normal impact load (FN’) to a buried 
structure in a soil medium while also measure the dynamic responses of the structure. The 
experiment is intended to emulate a mine flailing operation, more specifically, to emulate the 
impacting flail hammer hitting the soil surface. While in its field operations, the hammer is 
attached to a rotating flaing and the hammer comes at an angle ( ) to the soil surface; the main 
component of importance in mine clearing operations is the vertical component of the loading 
(FN). Furthermore, what makes the tool-soil interaction in mine flailing unique is that the flail 
hammer is essentially free to move and attached to a relatively massless linkage. Therefore the 
impacting hammer mass may be considered an independent moving mass.  
From the aforementioned conditions, the loading condition necessary is a dynamic impulsive 
loading, imparted directly in the soil surface and the impacting mass should be independent with 
no inertially confining linkages. As with similary conducted experiments in rockfalls (Kawahara 
S. , 2008) and burield plates (Chen & Chen, 1996), a guided free fall mechanism is chosen to 
impart the impulsive load on the soil surface. An impacting mass with a prescribed mass will be 
dropped from a prescribed height guided by sliders or ropes and pulleys (Figure 46 (a)). The drop 
height will allow the mass to accelerate and impart an impulsive load to the soil surface; and after 
collision, the mass is free to move depending on the restitution of both materials. Unlike similar 
experiments, the impacting mass will hit the soil surface directly without any constraints such as 
target plates which is normally used to ensure rigid to rigid impact and simplifying calculations. 
This will ensure that the contact will be that of a rigid mass and a deformable soil as it is in the 
field applications. Experiment is dynamic and repeatability is difficult more so with the varying 
soil conditions; but with certain controlled test parameters, a certain level of repeatability was 
able to be achieved. 
Soil mass is contained in a soil bin of dimension 0.6 m deep, 0.6 m length, and 0.5 m wide which 
is large enough to represent free soil with a 0.3 m soil buffer placed inside the bin base. 
4.1.1 Drop vertical Test 
Though in its application, the flail hammer of mine flails varies in sizes and shapes, each to 
achieve a different goal in mine flailing (chipping, pounding, chiseling, digging, and others), due 
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to the scope of this study in which the hammer effect is of interest, a spherical hammer is chosen 
since it will give the highest pounding effect while also simplifies calculation on the impact force. 
To minimize the necessary height to drop the mass, a heavier impacting mass is selected, a drop 
mass of 7.315 kg (Figure 46 (b)) is selected. Soil condition is loose and un-compacted with 
constant water content. Change in water content and compaction rate will only change the soil’s 
dynamic modulus which in itself is a calculable parameter. 
 
(a) (b) 
Figure 46 (a) Schematic of the drop test and (b) Mass geometry used for the drop tests 
As in the field application where the hammer does not always impacts directly above the buried 
landmine / structure and to validate the offset model an offset load test is also conducted. Offset 
or off center loading is achieved by moving the buried structure’s center position to a certain 
distance from the load line from the impact point in the soil surface.  
While several similar experiments have been conducted both in sand (Kawahara S. , 2008) and 
clay (Kushwaha, Shankla, & Stilling, 2004), the main differentiation points of this series of 
experiments are:  
1. Structure free to move,  
The buried structure, representing a buried landmine that is buried in the soil body but not 
at the base of the soil bin nor is it fixed or mounted in place. The structure is free to move 
in the soil body as it is unmounted and positioned above a buffer soil layer. This condition 
will give a peculiar dynamic response characteristic of the structure since there will be a 
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displacement of the structure in the soil body, and the elastic behaviour of the buffer soil 
will come at play.  
2. Offset (off center) load, 
The load point in this series of tests will not only be positioned directly at the center of the 
buried structure and sensors. Off center loading tests are conducted and should be able to 
show the multidirectional load propagation in the soil body. 
3. Transferred load and dynamic response measured in two axis 
As to explain the multi directional load propagation in the soil body, a two axis sensor is 
used to measure both the transferred load and the dynamic response of the buried structure 
in both the x (lateral) and z (vertical) axis. 
4. Direct load to soil surface 
Impulsive load from the dropped mass will be imparted directly in to the soil surface, thus 
producing a rigid to deformable material contact with a point load. Other similar 
experiments may use a target plate in the soil surface so the contact is rigid to rigid and 
simplifying impact calculations, or may use a larger contact area for the impact. 
4.1.2 Buried Structure  
The buried structure is intended to emulate a buried anti personnel landmine. The structure acts as 
a target and sensor in one package (Figure 47). Dimensions and geometry of the structure are to 
mimic a typical landmine. The top plate of diameter mimics the average common landmine 
pressure plate sizes. While mass of the structure is also concentrated on the top plate to stand out 
in the soil body. As a reference dimension, the buried structure’s geometry is based on the PMN 
2 antipersonel landmine, with a diameter of 120 mm and height of 66 mm which is considered the 




Figure 47 (a) Breakaway figure of the buried structure (b) Cross section of the buried structure 
Two main values are measured: the transferred load and the dynamic response. The transferred 
load is measured by a two axis load cell that is measured on the target plate to mimic a landmine 
trigger plate. The dynamic response is measured with two one axis accelerometers in x and z 
directions. Further data processings are conducted to determine the displacement of the structure. 
4.1.2.1 Sensors 
Acceleration is measured using off the shelf accelerometers, Kyowa model AS-2GB, with 2G 
capacity. Two of these sensors are used in x and z directions. Loading on the other hand, was not 
able to be measured using off the shelf load cells due to the geometry limitations and 
considerations of the buried structure, the need for two axis measurement, and the need for the 




Figure 48 General Dimensions of the load cell 
From these limitations a force transducer is designed in house, more specifically the flexible 
element that constructs a force transducer. Since different manufacturers make different types of 
multi axis load cells, each with their own different know how and no information about their 
design; design for the force transducer is conducted from null. 
 
Figure 49 (a) Constructed load cell with the strain gages in place (b) Strain gage placement in the load 
cell 
A cross of two bending beams is decided as geometry, of the flexible element (Figure 48). From 
elementary finite element calculations, for a design load of 1kN in both the lateral and vertical directions 
in specific orientation, the maximum strain location in both compression and extension in the cross bar 
are determined (Figure 50). Using the calculation reference, strain gages are placed as so so there are no 
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axis cross over, as in the x and z axis are independent of each other, and loading in one axis direction will 
not affect measured force in the other axis (  
Figure 49). The flexible element are constructed from Al 6061 material with yield strength of σy 
275 Mpa, and ultimate tensile strength σu 310 MPa with a 1 kN design load and 2 kN overload 
design. The load cell is then calibrated with dead weights as a complete structure sensor and 




Figure 50 Elementary FE analysis for the strains in (a) vertical direction and (b) lateral direction 
4.1.3 Soil Parameter Test Apparatus 
The constructed model is based on general geotechnical model, therefore, other than the soil 
properties, several soil parameters are necessary to utilize the model. Two of these parameters are 
the modulus of elasticity (E) and the poisson’s ratio (ν) which depends on soil conditions and 
other properties. Both of these parameters are a function of other moduli but in the current 
application it is not of interest. Soil parameters vary by water content and compaction ratio, 
therefore a quick methed is needed to determine these parameters. 
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While the Poisson’s ratio is relatively contant and data are available for various materials, the 
modulus of elasticity is dependent on various factors and conditions. There are several ways to 
measure the modulus of elasticity of a geomaterial: lab tests or in situ test, and also static methods 
or dynamic methods. Since the model is dynamic and the dynamic elastic modulus (Edyn) is 
necessary. In the case of the distict application of impulsive load and the need to test the soil in 
situ, a pressure plate based test with impulsive dynamic load is deemed adequate to determine the 
soil paramteters 
 
Figure 51 General problem of a plate resting in the soil surface 
An apparatus is designed based on a rigid circular plate resting on the soil surface which are 
imparted by an impulsive load (Q(t)) as shown in Figure 51. For a plate diameter of a, the vertical 







While at the directly under the center of the load point at r=0, the ratio of deformation to load or 







Back calculating the equation and solving for E, the dynamic modulus of the soil, gives the 







Figure 52 Schematic of the soil parameter test apparatus 
The basis of the soil parameter test apparatus (Figure 52) is to deliver a controlled impulse of a 
finite intensity and duration to a horizontal surface structure. While the mechanism is that a drop 
mass of 7.1 kg is dropped through a guide bar and hits a series of shock absorbers. The shock 
absorbers are there to reduce impact and transforms it into an impulse with finite parameter  
Force are then transferred through the rubber shocks, and the impact goes through the base 
structure and the base plate transfers the shock absorber’s reaction to the soil. Load magnitude 
(Q(t)) and shock period (dt)acquired from load cell mounted on the base plate. While an 
accelerometer mounted on the center of the base plate measures the acceleration data of the plate 
and displacement (q(t)) may be acquired from processing the acceleration data. Value of the 
dynamic elastic modulus (Edyn) are then acquired from back-calculation  
4.2 Experiment Procedure 
Experiment is conducted by filling the soil bin to a 0.3 m depth layer (d0), placing the buried 
structure and top the soil off until a certain burial depth (d). Impact load are generated by 
dropping a spherical mass (mh) from a certain height (h) to achieve a certain impact load value 
(Figure 53). Offset / off center loading are achieved by positioning the center of the buried 
structure at a certain position offset (b) from the center of the load point. Approximate volume 
and mass of soil are measured from the measured load cell data as well as manually. The soil 
condition is loose and uncompacted. After each test run, the soil is loosened and mixed as to gain 
50 
 
the initial condition. Experimental data are acquired from a data acquistition unit and then 
processed using a PC. 
 
Figure 53 General Schematic of the experimental tests. 
Configurations of offset loading tests are as follows: 
1. Change in horizontal offset position, b (0 mm, 50 mm, 100 mm , 150 mm) 
2. Change in depth, d (100 mm, 150 mm, 200 mm 
Due to the multidirectional load propagation in the soil body, a vertical load should propagate in 
all direction and will have a lateral component of the load propagation (Figure 54). The lateral 
components plus the vertical component of the load will be transferred to the buried structure at a 
certain depth. Therefore, as an initial test of the lateral effect and confirming the proposed lateral 
model, it is deemed that the vertical load test should be sufficient. Furthermore, if the constitutive 
model is revalidated, expansion of the model to include a more detailed lateral component should 
be able to bed conducted simply. 
 
Figure 54 Load propagation in the soil medium 
4.3 Soil Properties and Conditions 
Two kinds of soils are used in the experiments: clayey and sandy soil. For clayey soil, Kasaoka 
clay is used and prepared by mixing dry soil powder with water to achieve ~10% water content 
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with approximate Poisson’s ratio of 0.3 - 0.45. Sandy soil chosen is grade 9 silica sand with 
approximately ~0% water content with approximate Poisson’s ratio of 0.15 - 0.35. 
The type and grade and kind of clayey and sandy soil used are arbitrary. The experiment is to 
show the difference in reponse in sand and clay medium and how the model can simulate both 
regardless. Core differences between the two soil types are the model’s point mass distribution, 
adhesion properties, damping properties, propagation distribution, and indentation condition. 
The properties of the two soils are generally known and the necessary parameters are gained from 
the soil parameter test apparatus. Comparing the experimental data from these two types of soil 
with the measured parameters should be taken as a part to validate how the model is able to 
quantify the hammer effect. 
4.4 Experimental Results 
Multiple experimental data for each test conditions are acquired. Though every test condition 
shows good repeatability and consistency, the median value of the data are shown as the main 
reference. For the transferred load, the maximum transferred load (FN’max), as in the peak of the 
loading waveform is of interest. While in the dynamic response of the structure, the peak 
acceleration (aNmax) is imperative. 
4.4.1 Soil dynamic parameters from back calculation 
The Soil’s dynamic modulus (Edyn) is calculated from measured data from the test apparatus. 
Figure 55 and Figure 56 shows the results of these tests which includes the acceleration form of 
the plate and the imparted force. Processing these data gives us the approximate dynamic 
modulus of the soils which is 126 MPa for the clay medium (Kasaoka Clay) and 216 MPa for 




Figure 55 (a) Acceleration data and (b) Imparted force data from clay medium to determine the soil 
parameters 
(a) (b) 
Figure 56 (a) Acceleration data and (b) Imparted force data from sand medium to determine the soil 
parameters 
4.4.2 Surface Loading 
The values of the theoretical surface impact load imparted from the falling spherical weight are 
derived based on a modified Hertz contact theory. Since the sphere mass is constant, the 
parameter that will change the impact load is the drop height of the sphere. Initial tests shows that 
clay medium propagates higher loads than sand medium. Therefore to limit the imparted load to 
the design range of the force transducer, drop height is lower in the tests in clay medium. Drop 
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heights are 1 m and 0.5 m in sand and clay medium respectively. Initial studies shows that the 
characteristic response of the buried structure solely depends on the burial depth and soil 
properties and independent of the load magnitude. Change in the load magnitude only will 
change the transfeerd load and dynamic response quantively. In attempting to study the 
characteristic response of the buried structure and the force transfer ratio, a single consistent 
surface load value is adopted. 
Based on equation 1.5, the maximum theoretical imparted load on the soil surface are ~895 N in 
clay medium and ~1370 N in sand medium. These two values will be the reference surface load 
for further experiment results. It is to be retained that the Hertz contact theory are highly 
conservative and might give a slightly higher calculated load than the true value. 
4.4.3 Effect of Burial depth to transferred load 
Foremost tests are direct impact load, in which the load is imparted directly above the center of 
the buried structure. Variation are achieved by changing the burial depth of the buried sensor 
Figure 57 (a) shows the waveform of the transferred load to the buried structure in clay medium 
at varying depths of 100 mm, 150, mm and 200 mm. While Figure 57 (b) shows that the same 
conditions in sand medium. 
(a) (b) 
Figure 57 Transferred force from direct impact at various depth for (a) clay and (b) sand medium 
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The maximum transferred load for clay medium in 100 mm, 150 mm, and 200 mm burial depth 
for ~895 N direct surface loading is in the values of 490 N, 405 N, and 170 N respectively. While 
in the clay medium, it gives the values of 610 N, 320 N, and 230 N, for a ~1370 N direct surface 
load. From the peak loading value it is also deriveable that there are non linear correlation 
between burial depth and transferred load in both medium. Clay medium shows a higher transfer 
ratio than that of the sand medium. Waveform wise, clay medium gives a smooth rise to the peak 
load, while sand medium gives an initial hill before the peak. 
4.4.4 Effect of off center loading to transferred load 
Figure 58 (a) and (b) gives the waveform of the transferred load ing 100 mm burial depth with 
varying offset positions for clay and sand medium respectively. Furthermore, Figure 59and 
Figure 60 shows that of 150 mm and 200 mm burial depth. In the three burial depths force 
propagation are more surpressed in sand medium than in clay medium in regard of change in 
offset position. As with the change in burial depth, offset change also shows non linear relation 
between offset position and transferred load. Most notably in 150 mm offset, 1.25 times the 
diameter of the buried structure, the transferred load diminishes greatly. Higher offset position of 
200 mm is tested but gives zero transferred loads to the buried structure. The experiment 
confirms the initial assumption that at offset of 1.5 the structure diameter, the transferred load 
diminishes to zero. Retardation of the peak transferred loads is also palpable in both changes of 




Figure 58 Transferred load due to off center loadings at 100 mm burial depth for (a) clay and (b) sand 
medium 
The distribution of transferred load for different burial depth and offset positions are given in 
Figure 61 for clay medium and at Figure 62 for sand medium. Multiple experiment runs give 
relatively constant results with the trend between burial depth and transferred load gives a power 
law relationship. Comparing the data for offset position and transferred load also gives a power 
law relationship. The results are in line with the proposed correlation between the burial depth 









Figure 60 Transferred load due to off center loadings at 200 mm burial depth for (a) clay and (b) sand 
medium 













































(c) transferred force at 150 mm burial depth (d) transferred force at 200 mm burial depth 
Figure 61 Transferred vertical force distribution at clay medium 
  




































































































































(c) transferred force at 150 mm burial depth (d) transferred force at 200 mm burial depth 
Figure 62 Transferred vertical force distribution at sand medium 
4.4.5 Dynamic response of the structure due to direct loading 
From the accelerometer data, the structure’s acceleration waveform is acquired and processed to 
attain the velocity profile and displacement of the buried structure. Figure 63 to Figure 65 gives 
the dynamic response of the buried structure from direct loading in clay and sand medium for 100 
mm, 150 mm, and 200 mm depth. 
(a) (b) 
Figure 63 Dynamic response at 100 depth from direct impact for (a) clay and (b) sand medium 
Acquired data gives relatively consistent results in which the acceleration form peaks, bounces 
back, and return for a second peak. The two peak acceleration is then followed by a period of 
oscilatorry form until settling. From the majority of data, it is known that clay medium takes 
longer to settle than sand while giving higher damping by depth. Displacement values derived 
from acceleration data may not give consistent wave form but the maximum displacement before 
the form expands linearly can be decided. As with the transferred force, the acceleration 
diminishes rapidly by depth, showing non linear correlation. While displacement which is derived 




Figure 64 Dynamic response at 150 depth from direct impact for (a) clay and (b) sand medium 
(a) (b) 
Figure 65 Dynamic response at 200 depth from direct impact for (a) clay and (b) sand medium 
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4.4.6 Lateral effects from off center vertical loading 
The way load propagates in the soil body; there will be lateral components of transferred force 
imparted on the buried structure. Using the x axis of the force transducer, at each experimental 
run, the lateral transferred forced are also measured. Figure 66 and Figure 67 shows the 
transferred lateral load at various depths and offset positions for clay and sand medium 
respectively. 
 
(a) Transferred lateral force at 100 mm 
depth 
(b) Transferred lateral force at 150 mm 
depth 
 
(c) Transferred lateral force at 200 mm depth 
Figure 66 Transferred lateral loads due to surface vertical loading in clay medium 
Results show that the magnitude of the transferred lateral load are miniscule compared to the 




































































recognize and more or less gathers around 20 N for any soil medium, burial depth, or offset 
position. Sensors have been re calibrated dan even tilted in orientation, yet the observable 
transferred lateral loads are minute.  
 
(a) Transferred lateral force at 100 mm depth (b) Transferred lateral force at 150 mm depth 
 
(c) transferred lateral force at 200 mm depth 
Figure 67 Transferred lateral loads due to surface vertical loading in clay medium 
Whereas in mine flailing operations, the lateral components are disregarded; there is still value to 
recognize the lateral components of the transferred load. It is safe to assume due to the impulsive 
nature of the load, small loading time, and relatively small load magnitude in the soil surface 




































































From the results, it may be concluded that even in the higher magnitude of the vertical load, the 
accompanying lateral effect is minute; thus the same may be concluded in the case of lateral 
loading and the accompanying vertical load. Considering this conditions, the study will focus on 
quantifying the hammer effect on the vertical component of the load.  
4.5 Summary 
Characterization and quantification of hammer effect from experimental results yields several 
important points: 
1. Load transfer ratio to burial depth follows power law correlation. 
2. Load transfer ratio to offset position also follows power law correlation. 
3. Structure’s acceleration, which in turn derivable to the displacement, ratio to burial depth 
and offset position has a non linear correlation. 
4. Transferred load and structure response diminishes near to zero at distance of 1.5 times 
the diameter of the buried structure. 
5. Lateral effects due to vertical loading are miniscule to warrant more attention, the lack of 
load propagation in the tangential direction are attributed to the impulsive nature of the 
loading. 
6. Inversely vertical effects due to lateral loading are deemed minute to extend experimental 
tests to impart lateral loads. 




5. Model Comparison with Experimental Results 
5.1 Model comparison with experimental results 
Though retaining most of its initial form, the model has been heavily modified to accommodate 
different loading conditions, and explain more of the phenomenon that occurs in mine flailing 
operations. One of the significant modifications is in how the model handles the input in the 
simulations. The model is now highly refined and only requires 5 measurable inputs to quantify 
the hammer effect and the structure’s dynamic responses. Required inputs includes: 
1. Dynamic elastic modulus of soil (Edyn), which is measurable using the soil parameter test 
apparatus. 
2. Poisson’s ratio of soil (ν), which is widely available for different soil types. 
3. Burial depth (d). Which is measureable, or prescribeable in the case of model use as 
clearance parameter 
4. Soil density (ρ), which is measurable. 
5. Imparted load (Fs). This is calculable or measureable with the right equipments. 
In the output end, the hammer effects are visible and quantifiable in 
1. Transferred load waveform in the buried structure, in which the maximum transferred 
load (FNmax) are quantifiable. 
2. Buried structure’s acceleration wave form, in which the maximum displacements (dz-
max) are calculable. 
In the case of the model is used to decide the operational parameters, the necessary transferred 
load is decided and the maximum burial depth is decided to back calculate the required imparted 
surface load. 
Since the math and constitutive model are correct; therefore arbitrary conditions should be 
agreeable. As an example to show the comparison between the model and experimental results a 




(a) Experiment data (b) Simulation 
Figure 68 Example comparison, Kasaoka Clay, 100 mm offset, 150 mm burial depth, transferred force 
Comparison results show that the peak force and wave form in the example agreeable with each 
other. Other conditions also show highly agreeable comparison between the experiment and the 
simulation results. 
  
(a) Experimental data (b) Simulation 




In the dynamic response field, the maximum / peak acceleration, displacement, and awaveform 
are agreeable with each other. Other conditions also show good confromity between the 
experiment and the simulation results. Comparing with the trend of transferred load to burial 
depth and offset from the experiment also shows good agreement with the graded soil parameter 
assumption. 
5.2 Quantification of the hammer effect 
Comparison between the experiment and the simulation run with the same conditions give 
confirming results for the constructed model and the model is deemed satisfactory and capable to 
calculate and quantify the hammer effect in mine flailing operations in regard of the transferred 
force and the buried structure’s dynamic response. 
Though no closed form equation are generated due to the highly complicated dynamic system, 
the relationship between the imparted surface force and how it is transferred to a buried structure 
and how the structure responses may be quantified and reviewed using the constructed model and 
simulation. 
General soil properties and readily acquired parameters as an input of the model should ease the 
quantification of the hammer effect in mine flailing operations or extended to other applications.  
5.3 Further Applications of the Model 
Initially developed as a tool to explain the dynamic responses of buried structures in mine 
flailing operations, the completed model is considered capable for usage in other related 
applications. The presence of a buried object in the soil body also gives change in the dynamic 
responses in the soil surface. Initially observed in falling weight deflectometers (FWD); the 
change in soil properties gives change in the response of a target plate in the soil surface. 
Reversing the application of the model to calculate the response of the impacting hammer due to 
the presence of a buried structure and comparing the response of a hammer impacting a free soil 
body; the proposed model may be applicable in detecting buried objects in the soil body by 
imparting impulsive loads in the soil surface. Inherently, the model is designed to calculate the 
response at the soil surface and at the buried structure, but due to its initial purpose, the former is 
disregarded. 
In the case of free undisturbed soil, the pressure wave due to the impulsive force in the surface 
propagates freely in the soil medium following a bell shaped curve with shape dependent on the 
soil properties. Whereas the existence of a buried object will reflect the incident wave thus 
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disturbing the wave propagation). Incidentally the reflected pressure wave may reach the surface 
and transmitted to the impacting mass for certain surface load, burial depth, and soil condition. 
The reflected wave may affect and disturb the dynamics of the impacting mass thus changing 
its response. In the application of mine flails; after the initial power to rotate the flails from a 
stationary position, if the ground are relatively homogeneous and proper method of mine flail 
usage is applied with constant power input, the torque required to rotate the flail drums are 
proportionately constant. In the presence of a buried object, the impacting mass should 
experience a change in its dynamic behavior and the obstruction will induce in a change in torque 
required to rotate the flails. 
A possible application of this method is in construction and structural engineering where the 
presence of uncharted buried objects like gas lines, power lines, petroleum pipelines, water mains, 
underground storage tanks, or connected gasoline lines may possess a threat in drilling, piling or 
foundation building if not regarded properly. So an alternate and feasibly less costly way to detect 
buried objects rather than with conventional methods of GPR or seismic methods are of interest. 
 
Figure 70 SDOF model of FWD loading 
At the moment, there are no available experiment data to validate the model completely. 
However, since the model is built based on the FWD model, it is deemed satisfactory to compare 
the simulation results of the model directly with that of an FWD model. Figure 21 shows the 
typical SDOF model of an FWD with F is the approximate impact force, ΔM is the mass of the 
loading plate, while K and C are the soil’s stiffness and damping coefficients.  
Figure 71 (a) shows the dynamic response of an impact hammer in the soil surface imparting 
and impulsive load of 700 N. The soil medium assigned is that of red clay and the response wave 
form of the acceleration, velocity, and displacement at the soil surface corresponds to common 
FWD measurements and is set as control. Figure 71 (b) gives the responses of the same impact 
hammer at the soil surface of the equal load magnitude and same initial soil condition with the 






Figure 71 (a) Simulation result with FWD model (b) Simulation result for buried structure model 
Comparing the two, the proposed model gives a higher magnitude in all three parameter since the 
soil above the buried object acts as a cushion; while the oscillation confirms the wave reflection. 
Qualitatively the difference in response characteristic of the loading hammer is a valid 
affirmation in detecting buried objects. 
5.4 Summary 
In this chapter, the model is validated with the experimental results, and should be able to 
simulate any prescribed loading conditions. Furthermore, the general flow of using the model as 
an operational parameter decider in mine flail is complete. Initial assessment of the model alse 
deemed the model is capable to be utilized in other similarly conditioned geotechnical 





The main purpose of the research presented in this study is to quantify the hammer effect and the 
dynamic response of buried structures in mine flailing operations. With certain constraints, the 
constructed model is capable to explain the problem at hand while considering all the important 
occurence and factors that are present. It may be concluded from this study that: 
1) A two dimensional mechanical model to study the behaviour of shallow buried structures 
due to multiple surface impact loading is constructed and validated and able to explain the 
forces at play in the act of mine flailing. 
2) Model is based on constitutive geotechnical model and should be able to be utilized in 
other applications with slight modifications. 
3) Further refinement of the model shows that the model is capable to simulate a 
deflectometer and back calculation of buried structure detection. 
4) Another refinement to consider the plastic deformation and change of soil parameters in 
real time gives more accurate results. 
5) Experimental results shows confirms the graded soil parameter assumption and should 
give better understanding to the model and ease to change and measure the soil 
parameters. 
6) Lateral component of mine flailing proves to be minute and not significant enough to 
further study. 
7) A constitutive model to quantify the hammer effect and dynamic response of buried 
structures in mine flailing operations is constructed and validated. 
8) Major question and inquiries in the technical aspect of mine flail operations may be 
answered with the constructed model. 
9) The constructed model is able to calculate the hammer effect in mine flailing operations 
and should be able to be used as a parameter and tune the equipment to optimize 
deminging quality. 
10) Comparison with other studies and data from similar studies shows agreeable results. So 
study and results are not an isolated incident. 
Research contributions and new knowledge added in research topic: 
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1) A two dimensional multi-d.o.f. mechanical model of a free buried structure in soil 
medium under various impulsive load conditions is constructed. 
2) The constructed model accommodates detailed occurrences during the cat of mine flailing, 
including surrounding soil response, soil plasticity, lateral effects of vertical loadings, and 
other soil responses present. 
3) Graded soil parameter in soil cushion condition is modeled and validated. 
4) The response behavior of the constructed model is agreeable with experimental 
validations. 
5) The constructed model is capable to predict and explain the behavior of a buried landmine 
during various mine flailing conditions. 
6) A streamlined method to determine dynamic soil modulus for the distinct application 
constructed. 
7) A streamlined method to predict and calculate the hammer effect in mine flailing 
operations is constructed. 
8) Constructed model may be utilized to answer the major setbacks in mine flail design. 
Furthermore, the parameters acquired from the model may be used to optimize machine 
designs and demining quality. 
9) Simplicity of use of the model should ease the utilization to determine the operation 
parameter in mine clearing operations. 
10) A novel method of modeling the soil – tool – buried structure for a shallow buried 
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